Understanding the biodegradation potential of river bacterioplankton communities is crucial for watershed management. We investigated the shifts in bacterioplankton metabolic profiles along the salinity gradient of the Caloosahatchee River Estuary, Florida. The carbon source utilization patterns of river bacterioplankton communities were determined by using Biolog EcoPlates. The number of utilized substrates was generally high in the upstream freshwater dominated zone and low in the downstream zone, suggesting a shift in metabolic profiles among bacterioplankton assemblages along the estuarine gradient. The prokaryotic cell numbers also decreased along the estuarine salinity gradient. Seasonal and site-specific differences were found in the numbers of utilized substrates, which were similar in summer and fall (wet season) and winter and spring (dry season). Bacterioplankton assemblages in summer and fall showed more versatile substrate utilization patterns than those of winter and spring communities. Therefore, our data suggest that microbial metabolic patterns in the subtropical estuary are likely influenced by the water discharge patterns created by dry and wet seasons along the salinity gradient.
Introduction
An estuary is a partially enclosed body of water along the coast where freshwater from rivers mixes with saltwater from the ocean. Estuarine environments are among the most productive regions on Earth and create habitats hosting unique floral and faunal communities especially adapted for life at the margin of the sea [1] . Various habitat types are found in and around estuaries and serve as places for organisms to live, feed, and reproduce. Estuaries are among the most heavily populated areas; consequently, life-forms routinely suffer substantial habitat loss and alteration as well as exposure to various forms of anthropogenic pollution, including chemical contaminants and eutrophication, one of the most significant issues facing coastal zone management [2] .
Bacterioplankton communities in riverine and estuarine environments are responsible for water purification processes and are influenced by watershed usage [3] [4] [5] [6] [7] [8] . Shifts in microbial communities along the salinity gradient formed by the mixing of freshwater and seawater are commonly observed in estuaries [9] [10] [11] [12] [13] . Although microbial communities are an important metabolic component in estuaries, their metabolic versatilities are poorly understood. Therefore, physiological profiling of microbial populations is an important subject for a better understanding of the biodegradation potential of riverine and estuarine bacterioplankton communities and improvement of watershed management.
One of the commonly used approaches in environmental microbiology, broadly termed as microbial community level physiological profiles, is based on assessing the ability of microbial communities to metabolize a broad range of organic substrates [14] . Biolog microplates contain a range of different carbon substrates fixed at the bottom of a 96well plate and have been used in various ecological settings (see [14, 15] , and references therein). The Biolog microplates were originally designed for the identification and/or phenotypic typing of pure cultures. The application of Biolog microplates for microbial community analysis has several indispensable problems [15] . Among the criticisms was the lack of replication and statistical weakness [16] . An alternative to Biolog microplates, the Biolog EcoPlates can analyze 31 substrates that were selected from past environmental applications and arranged on the three blocks in a single microplate for triplicate analyses; these EcoPlates potentially have great merit for microbial community level physiological profiling and have been used to assess functional diversity among various environments [15] . In the present study, we optimized EcoPlate data processing to overcome some of the shortcomings of this method associated with the use of estuarine samples and investigated the seasonal shifts in bacterioplankton physiology profiles along the salinity gradient in a subtropical estuary.
Materials and Methods

Site Description.
The Caloosahatchee River flows on the southwest Gulf coast of Florida from Lake Okeechobee, the seventh largest lake in the US, and one that now faces a growing eutrophication problem [17, 18] . The river is approximately 105 km long and drains a watershed of 356,127 ha [19, 20] . The two major water sources are surface water runoff from surrounding urbanization and farmlands and freshwater releases from Lake Okeechobee; the balance between these two sources changes between the dry and wet seasons. Construction of the W. P. Franklin Lock and Dam (S79) began in 1962, approximately 40 km upstream from the Gulf of Mexico (Figure 1 ). The main purpose of the dam construction was to ensure a fresh water supply for much of Lee County and to prevent saltwater intrusion into upstream aquifers. The dam operation, however, now influences the nutrient delivering patterns to the estuary [21] .
Sample
Processing. Surface water samples were collected from four stations in the Caloosahatchee River in August (summer) and October (fall) 2010 and February (winter) and April (spring) 2011 ( Figure 1 ). Physicochemical data (water temperature, salinity, dissolved oxygen (DO) concentration, and pH) were measured using a YSI 650 sonde (YSI Inc., Yellow Springs, OH, USA) ( Table 1) . Water samples were collected in acid washed 2 L polycarbonate bottles and transferred to the laboratory on ice within 4 h of sampling.
Nutrient Analysis.
Water samples were filtered through GF/F filters and analyzed for dissolved inorganic nitrogen (DIN as ammonium, nitrite, and nitrate) and dissolved inorganic phosphorus (DIP as orthophosphate) by using the SEAL AutoAnalyzer 3 (SEAL Analytical, Mequon, WI, USA).
Bacterioplankton Cell
Counts. River water samples were fixed with formalin to a final concentration of 2%. Fixed water samples were then filtered onto black 0.22 m isopore membrane filters (GTBP, Millipore, Billerica, MA, USA). Cells were stained with 4 , 6-diamidino-2-phenylindole (DAPI). An anti-bleaching agent was used as the mounting medium (AF1; Citifluor Ltd., London, UK). Bacterioplankton cell numbers were viewed under UV excitation at 1,000x magnification using an Olympus BX-51 epifluorescence microscope. For each filter, more than 10 random fields were viewed, which resulted in a total count of 540 ± 260 cells per filter. The abundance of phototrophic nanoplankton was also estimated using a green excitation based on the autofluorescence of photosynthetic pigments as described previously [22] .
Biolog EcoPlate Preparation.
In the present study, the Biolog EcoPlates (Biolog, Inc., Hayward, CA, USA) were used to determine the metabolic fingerprint of river bacterioplankton based on the carbon sources they utilize. The EcoPlate is composed of 31 different carbon compounds divided into six categories along with the control wells in a 96-well microplate ( Table 2 ). Three replicates of each substrate and no-carbonsource control are included on a single microplate. Utilization of substrates is spectrophotometrically measured by means of a tetrazolium-formazan reaction, in which colored formazan dye is formed from the tetrazolium salt by the metabolic activity of cells.
The surface river water was inoculated into microplates within 4 h after the sampling. An 8-channel multipipette was used to dispense 125 L of the inoculated water samples into each well. Following inoculation, microplates were covered 
Determination of Incubation Time.
The determination of incubation time in the Biolog microplate assays is a critical issue [15] . Although many environmental samples require relatively long incubation time for color development, excessively long incubation amplifies culture bias. The incubation time was optimized using our first samples (summer). The coefficients of determination ( 2 ) of signal intensities were obtained by the comparison of two sequential time-course signal intensity: 24-48 h ( 2 = 0.63), 48-72 h ( 2 = 0.85), and 72-96 h ( 2 = 0.98). If the value is high, it indicates no major changes of signal patterns between two samples. The coefficient of determination increased with time and became greatest between 72 and 96 h. We therefore selected 96 h for further EcoPlate data analysis.
EcoPlate Data
Processing. It is conceivable that it is occasionally difficult to distinguish between positive and no reaction wells in Biolog analysis because of faint color development patterns and high background noise, especially when researchers rely on spectrophotometric readings of the microplate instead of a visual inspection. No methodological dogma exists among researchers; the differences between examined samples make it difficult for researchers to use a standard method to analyze Biolog plates [15] . The establishment of our own criteria was required in the present study because of the high background noise caused by precipitation in high salinity samples. Precipitation was faintly formed immediately after adding sample water into the well; however, the background signal significantly increased after 24 h of incubation (252 ± 113%, mean ± SD, = 16). Thus signal intensity at 24 h was subtracted from the time-course data rather than the 0 h reading to reduce the background noise.
The proposed strategy to find positive wells in a binary fashion is illustrated in Figure 2 . First, background intensity was removed by the subtraction of preincubation data (step a). Throughout the analysis of color development data, it was occasionally difficult to distinguish between faint positive wells and high background negative wells. Thus, we first focused on the signal intensity of negative wells that were of similar absorbance level with control wells and then calculated the baseline level first (step b). As a next step, candidates for positive wells were selected and defined as wells that showed signal intensities of more than one standard deviation of mean negative value (baseline signal) (steps c and d). The sigmoid curves (growth curves) of chosen candidates for positive wells were manually checked (step e) and genuine positive substrates that showed statistically positive signal intensity and normal sigmoid curve were finally identified (step f). We found that although the timecourse measurement is a tedious technique, it can minimize errors in the determination of positive wells (step e).
Nitrogen Use Index.
To evaluate utilization of lowmolecular-weight dissolved organic nitrogen compounds, a nitrogen use (NUSE) index was calculated and expressed as the proportion of the utilization of N-containing substrates in the EcoPlates to overall substrate utilization [23] . If all substrates including nitrogen ( = 10) contributed equally to total substrate utilization ( = 31), then the summed contribution of these 10 substrates would be 32.3% [24] . The cultures were resuspended into 12 mL of distilled water and inoculated by using an 8-channel multipipette to dispense 125 L into each well. After 24 h incubation, the color development of the EcoPlate was scanned as described above; the 0 h reading was subtracted from the 24 h reading as a background noise. [19] , most nutrient parameters were correlated with the salinity gradient; relatively high concentrations of nutrients were observed at low-salinity upstream sites (Table 1) . Phosphate concentration followed the salinity gradient and was negatively correlated ( = −0.83; < 0.001, = 16). The phosphate concentration was high in summer and low in winter, which agreed with a previous water quality study [21] . In the cases of nitrogen species, the concentration of nitrate followed the salinity gradient and was inversely correlated ( = −0.65; = 0.007, = 16) but ammonium and nitrite concentrations did not follow the salinity gradient ( > 0.05). The ammonium concentration was high in summer and low in winter and spring, which agreed with previous reports [21] . It should be noted that because the composition of nitrogen pools (i.e., the ratio among ammonia, nitrite, and nitrate) was different in time and space, the influence of biological activity (i.e., autotrophy, assimilation, ammonification, nitrification, and denitrification) and the discharge from the wastewater treatment plants could not be ignored as potential sources of variability (Table 1 ; [21] ). The observed decrease of nitrate concentrations in the river water during the summer time was reported previously [21] .
Evaluation of Variability in the
Results and Discussion
Bacterioplankton Cell Numbers along the Estuary Salinity
Gradient. The total bacterioplankton cell numbers ranged from 6.1 × 10 5 to 5.4 × 10 6 cells per milliliter, which was equivalent to typical bacterioplankton cell numbers reported from other rivers and lakes [3, [25] [26] [27] . The cell numbers were not significantly different among seasons, which coincided 6 ISRN Oceanography with a previous report from Tampa Bay, FL, USA [28] . These results differed from other reports from various temperate zones where cell numbers were high in the hot summer season and low in the cold winter season and likely influenced by the seasonal pattern of subtropical regions [25] . Obvious changes in prokaryotic cell size were not microscopically observed among the different sampling sites but the largest morphological diversity was found in the Site A1 samples compared to other water samples (data not shown). The cell numbers decreased along the estuary's salinity gradient ( = −0.77; < 0.001, = 15), suggesting that the prokaryotic biomass in the Caloosahatchee River may be strongly influenced by the estuarine water circulation pattern (Figure 3(a) ). The trend observed in the Caloosahatchee River was unique and different from the distribution pattern of total prokaryotic cells reported from the York River Estuary and Cochin Estuary where the decrease of cell numbers along the estuary salinity gradient was not observed [25, 29] .
The abundance of phototrophic nanoplankton ranged from 1.8 × 10 3 to 1.0 × 10 5 cells per milliliter, which corresponded to a range from 0.1% to 4.3% of total bacterioplankton (Table 1 ). Cells were typically less than 5 m in diameter and coccoid to ovate. The cell number was constantly high at Site A2, especially in spring and fall. The distribution pattern of phototrophic nanoplankton in the Caloosahatchee River did not follow the pattern observed in the total bacterioplankton cell numbers and exhibited no correlation between salinity gradient and inorganic phosphate and nitrogen species concentrations. We infer that the abundance of phototrophic nanoplankton in summer was mainly supported by the affiliation of marine cyanobacterial populations. Doering and Chamberlain [19] reported that the volume of discharge likely influenced the distribution and growth of phytoplankton in the river. At intermediate discharge levels, chlorophyll peaked in the upper estuary and decreased farther downstream [19] . Tolley et al. [30] also reported that phytoplankton clearly responded to changing inflow: low flow conditions (<28.3 m 3 sec −1 (1000 cubic feet per second)) generally corresponded to larger cells, predominately diatoms, and as flows increased the assemblage shifted towards smaller cells, predominately cyanobacteria. Thus, the distribution and abundance of phototrophic nanoplankton in the Caloosahatchee River are mainly determined by river flow conditions.
Color Developments and Optimization of Phenotypic Fingerprinting
Background Subtraction.
In this study, the water samples were collected from the estuary along the salinity gradient. Occasionally, white precipitation was observed in the bottom of wells. The amount of precipitation in a negative control well was linearly correlated to the salinity in the water samples ( = 0.95, < 0.001, = 16). Although this phenomenon was obvious and reproducible, it has not been described in previous studies from estuarine and marine environments [14, 25, 31] . The inhibition of tetrazolium dye caused by very high salinity was reported previously [32] , but this was not the case for the present study, in which water samples were collected from an estuary (i.e., low salinity). Later, we recognized that the precipitation was caused by a reaction between seawater and dried phosphate buffer, which can make precipitation with polyvalent cations, especially if the pH is basic (personal communication with Miguel Melo, Biolog, Inc.). was found among the three blocks in a single EcoPlate. The sample volume in each well was 125 L and the total prokaryotic cell numbers were 10 6 per milliliter. Thus 10 5 cells of bacteria should have been present in each well. Aquatic microbial community analysis using EcoPlate has an advantage compared to soil and sediment sample analyses, because there are no sample dilution processes in which the color development patterns are potentially dependent on inoculum concentrations [14, 33] . To identify the sources of variability that were found in the three blocks in a EcoPlate, four pure bacterial cultures were tested and compared with river samples ( Figure 4 ). All bacterial cultures showed unique color development patterns and the results were consistent; color development patterns among the three blocks were identical (data not shown) and error sizes of pure culture samples were visibly smaller than the cases of river water sample analyses (Figure 4 ). From these observations, we concluded that the detected variability among the natural samples was not due to technical errors or poor reproducibility of methods, but was likely caused by the community-level heterogeneity in the analyzed microbial samples. For example, the presence of river snow aggregates could contribute to the heterogeneity of color development patterns [31] .
Evaluation of Variability in the Three Blocks in the Same EcoPlate. Large variability of color development patterns
Community-Level Metabolic Fingerprints
Comparison of Substrate Utilization Patterns at Different
Sites. The percent of positive substrates ranged between 8.6% and 75.3% ( Table 1) ( Figure 3(b) ) and were generally high in the upstream freshwater dominated zone (Sites A1 and A2) and low in the downstream zone (Sites A3 and A4), suggesting the shift of bacterioplankton population and metabolic profiles along the estuarine gradient (Figures 1 and 3(b) ). The positive substrates at Site A1 were significantly higher than the other sampling sites (Figure 5(a) ). The substrate utilization patterns were also compared based on the substrate categories including various polymers, carbohydrates, carboxylic acids, amino acids, amines, and phenolic compounds as listed in Table 2 . These patterns were different at each site, suggesting the complexity of substrate utilization patterns in river water bacterioplankton (Figure 6(a) ). Polymers were generally the most frequently used substrate categories but amino acid utilization was the greatest at Site A1. No phenolic compounds were used by the microbial community at Site A3. Although different types of Biolog plates were used, Thottathil et al. [29] reported that the change in functional diversity with salinity was evident from the shift in the substrate utilization from carbohydrates at zero salinity sites to carboxylic/amino acids at high salinity sites in a tropical Indian estuary. Our data also showed the decrease of carbohydrate utilization ratio with the increase of salinity level from Site A1 to A4 (Figure 5(a) ). Thus this trend might be an important and common feature in the shift of functional diversity in estuaries. Thottathil also demonstrated the increase of carboxylic acid and amino acid utilization ratio along with the increase of salinity; these trends were not found in the Caloosahatchee River Estuary, suggesting the variability of functional responses of bacterioplankton in different estuaries.
Seasonal Substrate Utilization Patterns.
Microbial community-level physiological profiles were also seasonally different. The numbers of positive substrates were similar in summer and fall (wet season) and distinguishable from those in winter and spring (dry season) ( Figure 5(b) ). More substrates were utilized in wet season than in dry season ( < 0.01). For example, we found that N-acetyl-D-glucosamine seemed to be a preferred carbon source in summer and fall (75%-92% positive response) but the degradation activity seemed weak in winter (17%-33% positive response). N-acetyl-D-glucosamine is a major component of chitin, primarily produced by insects, fungi, and zooplankton. In general, the biomass of these organisms is high in spring and early summer in the Caloosahatchee River Estuary [30] . Therefore, our data suggest that microbial metabolic patterns followed the seasonal zooplankton abundance and availability of specific carbon sources in time and space. The substrate utilization patterns were also compared based on the substrate categories ( Table 2 and Figure 6(b) ). In general, the microbial community preferred polymers, but the carboxylic acids were the most intensively used substrate category in the winter sample. No phenolic compounds were used by the microbial community in spring.
Nutrient Level and Substrate Utilization Patterns.
Nutrient levels strongly influence the primary production and subsequent biological processes in aquatic environments. The Pearson product moment correlation was tested for nutrients and the number of utilized substrates. Since phosphate and nitrate concentrations were negatively correlated with salinity, the numbers of utilized substrates were highly correlated with the phosphate concentration ( = 0.82, = 0.0001, = 16) and nitrate concentration ( = 0.91, < 0.0001, = 16) and moderately correlated with the ammonium concentration ( = 0.60, = 0.0134, = 16) and nitrite concentration ( = 0.71, = 0.00219, = 16). The lowest percent of substrate utilization (8.6 ± 1.9% (mean ± SD)) was observed in the water sample from A4 in winter in which the lowest ammonium, nitrite, phosphate concentrations, and prokaryote density was observed ( Table 1 ). The phosphate concentration was high (54.2-96.2 g L −1 ) when greater percentages of substrate utilizations (62.4%-75.3%) were exhibited.
Nitrogen Use Index.
To evaluate utilization of lowmolecular-weight dissolved organic nitrogen compounds, a nitrogen use (NUSE) index proposed by Sala et al. [23] was calculated and compared with inorganic nitrogen and phosphate pools ( Table 3 ). The NUSE index in the Caloosahatchee River Estuary samples ranged between 13.3 (Site A3 in winter) and 64.3 (Site A3 in fall), which was much wider than the case of NW Mediterranean and western Antarctica samples in the original study [23] . No clear seasonal or site specific patterns were observed between NUSE index and total inorganic nitrogen/phosphorus pools and N : P ratio when all data were analyzed together. Sala and colleagues [23] reported that the NUSE index was positively correlated with bacterial-specific aminopeptidase activity and negatively correlated with ammonia and total inorganic nitrogen concentrations in coastal plankton samples from the NW Mediterranean Sea and western Antarctica. Additionally, the NUSE index decreased after ammonia or amino acid addition to seawater cultures; this observation indicated that the index was sensitive to changes in nitrogen concentrations in natural samples. The NUSE index was also successfully used to distinguish aggregate-associated and water-associated microbial communities in an estuary; the mean ranks of the NUSE index were significantly high in aggregate-associated microbial communities [24] . In general, heterotrophic bacteria preferentially utilize ammonia among various nitrogen species and compounds because of the highest energy efficiency [34] . Thus, the NUSE index could be valuable when the nitrogen species, especially ammonia, are limited in aquatic environments. In the case of the Caloosahatchee River Estuary, nutrient input was strongly influenced by water discharge and organic nitrogen that comprises the major portion (>70%) of the total nitrogen pool [21] . Despite high concentration of ammonium (16.0 to 126.8 g-N L −1 ), the N : P ratio remained low (4.0 ± 2.0 (mean ± SD), = 16), suggesting nitrogen limitation (Tables 1 and 3 ). However, we of course cannot neglect the existence of alternative limiting factors. In the present study, the NUSE index was negatively correlated with ammonium concentration ( = 0.998, = 0.002, = 4) and DIN ( = 0.995, = 0.010, = 4) in winter samples in which the average ammonium concentration was the lowest during the year. On the contrary, high NUSE values were frequently found in high ammonium water samples in other seasons (i.e., Site A1 in summer, Site A3 in fall, and Site A4 in spring) and were positively correlated with ammonium concentrations ( = 0.847, = 0.001, = 11 (The ammonium concentration of Aug A1 was identified as an outlier, which falls more than 1.5 times the interquartile range above the third quartile or below the first quartile, and ignored from the regression analysis)). Therefore, the NUSE index likely reflects the nitrogen balance and the different responses of nitrogen-containing carbon substrate utilization patterns among bacterioplankton assemblages between winter and other seasons.
Multivariate Analyses.
PCA was performed on the binary-transformed EcoPlate data (Figure 7 ). The first two principal components (PCs) accounted for 61.2% of the total variance. PC1 separated three groups (group I, II, and III). Group I consisted of low salinity samples (less than 3.0) in which more than 62% of wells were positive (Table 1) . Group II consisted of physiologically inactive samples in which less than 14% of wells were positive. Group III was formed by the majority of the remaining samples. PC2 separated Group I from the rest of the groups.
Hierarchal clustering analysis was performed on the transformed EcoPlate data to group the data by the similarity of substrate utilization patterns (Figure 8 ). No substrate categories created distinguishable clusters. Low-utilized substrates clustered together, which was also supported by the utilized substrate richness index (USRI). Two carboxylic acids, pyruvic acid methyl ester (USRI: 3.714) and Dgalacturonic acid (USRI: 3.178), two polymers, glycogen (USRI: 3.219) and Tween 80 (USRI: 3.178), and a carbohydrate, n-acetyl-D-glucosamine (USRI: 3.258), were the most frequently used substrates in estuarine bacterioplankton communities. Interestingly, these substrate utilization patterns are similar to the report from the Rhode River Estuary [24] . Additional studies will reinforce our observation and hypothesis in which estuarine bacterioplankton communities may have unique and distinguishable substrate utilization patterns.
Conclusion
In the present study, we investigated the shifts in bacterioplankton physiology profiles along the salinity gradient of the Caloosahatchee River. Seasonal and site-specific population changes were observed in the substrate utilization patterns of bacterioplankton. Bacterioplankton communities in summer and fall showed more versatile substrate utilization patterns than that of winter and spring communities. Our data suggest that microbial metabolic patterns in the subtropical estuary are likely influenced by the artificially controlled water discharge patterns created by dry and wet seasons along the salinity gradient. Physiological profiling of microbial populations is crucial for a better understanding of the biodegradation potential of river bacterioplankton communities and the designing of watershed management plans.
The comparison of metabolic fingerprints may also provide insights and hints to future molecular ecology research that targets gene copy numbers and expression patterns of specific genes in microbial communities. As the EcoPlates can effectively detect seasonal and site-specific population changes in substrate utilization patterns of bacterioplankton, they have the potential to be used as ecological indicators of river function attributable to urbanization and pollution. Although the EcoPlates cannot reveal the microbial diversity in tested samples, they can likely detect the physiological profiles of restricted groups of culturable bacteria which may quickly respond to future eutrophication and/or river pollution events.
